Neutrinoless double beta decays in liquid xenon produce a significant amount of Cherenkov light, with a photon number and angular distribution that distinguishes these events from common backgrounds. A GEANT4 simulation was used to simulate Cherenkov photon production and measurement in a liquid xenon detector and a multilayer perceptron was used to analyze the resulting distributions to classify events based on their Cherenkov photons. Our results show that a modest improvement in the sensitivity of neutrinoless double beta decay searches is possible using this technique, but the kinematics of the neutrinoless double beta decay and electron scattering in liquid xenon substantially limit this approach.
Introduction and Physics Motivation
Neutrinoless double-beta decay (0νββ) searches probe lepton number violation and Majorana mass of the neutrino [1] . These experiments face the challenge of looking for an exceedingly rare signal and so background reduction plays a critical role in the choice of material used as a detection medium.
Liquid xenon-136 has been chosen by the EXO-200 [2] and nEXO experiments [3] as a double beta decay (ββ) source and detection medium due to a combination of properties including the ability to instrument liquid xenon as a time projection chamber resulting in good position and energy resolution. In addition to the properties already used in liquid xenon experiments, the production of Cherenkov light in liquid xenon can enhance the ability of these detectors to differentiate neutrinoless double beta decays (0νββ) from gamma backgrounds. This Cherenkovbased discrimination, while not currently a baseline feature of any experiment, could be implemented to reduce backgrounds and increase sensitivity in 0νββ searches.
The 0νββ process emits two electrons, which are both capable of producing Cherenkov light. These electrons have a total kinetic energy equal to the double beta decay Q-value (Q ββ = 2458 keV for 136 Xe [4] ). The kinematics allows ∆E, the difference in the electron energies, to fall anywhere in a wide distribution, although the "even split" of ∆E = 0 is the mode of that distribution [5] . Similarly, the angle between the two electrons' initial momenta is drawn from a wide distribution peaked at 180 degrees. The primary background in neutrinoless double beta decay searches in liquid xenon arise from gamma rays with energy close to Q ββ . Some of these gamma rays undergo
Compton scattering in the detector, producing multiple detected interaction sites that can be used to reject that event. However, gamma rays that undergo photoelectric absorption without any preceding scattering will produce a single recoiling electron with nearly all of the gamma's energy. Since electrons have short (few mm) range in liquid xenon, a single recoil electron background results in a single detectable interaction site just as the neutrinoless double beta decay does. For this reason, a site multiplicity cut cannot distinguish between this background and the signal. Further background reduction can be achieved by discrimination based on the spatial and energy distribution of backgrounds which have characteristic differences from the 0νββ signal, but even with all these techniques combined there remains a significant opportunity to improve the sensitivity of liquid xenon 0νββ detectors with further background reduction [6] .
The background rate could be further reduced, and the sensitivity improved, by leveraging the differences in the Cherenkov photons produced between background and 0νββ events. The number and directional distribution of Cherenkov photons depends on the type of event, allowing for background discrimination. This article shows that in some scenarios this technique could remove more than 80% of backgrounds while keeping more than 60% of signal events, leading to 0νββ sensitivity improvements of about 40%. We will show that these results rely on extremely efficient removal of Compton-scattering backgrounds which will otherwise prevent useful Cherenkov discrimination.
We will examine some less favorable scenarios that may arise due to constraints on detector design. Finally, we will show that the barriers to more efficient Cherenkov discrimination are irreducible as they arise from the physics of 0νββ decay and electron scattering in liquid xenon.
This article starts by discussing the characteristics and detection of Cherenkov light in liquid xenon. Next comes analysis of a simulated test case demonstrating the degree to which differences in Cherenkov light production enable discrimination between 0νββ and photoelectric-absorbed gamma-ray backgrounds. Conclusions are drawn from a study of various physical and experimental factors that affect the discrimination power.
Cherenkov Production in Liquid Xenon
Cherenkov photons are produced when a charge particle, such as an electron emitted from a 0νββ, exceeds the phase velocity of light in the medium. As such, the number and spectrum of Cherenkov photons produced in liquid xenon depends on its index of refraction, which is wavelength-dependent. A functional form of the index of refraction of liquid xenon that agrees well with experimental measurements is described in [7] . This model is used in this paper to simulate the production of Cherenkov photons and the transport of those photons through a detector. One input to this model is the number density of Xenon atoms, which was adjusted to correspond to 3.057 g/cc to account for the increased molar mass of xenon enriched in 136 Xe [3] . The index of refraction as a function of wavelength is shown for reference in Figure 2 .
The Cherenkov yield from an electron can be estimated under the continuous-slowing-down approximation using stopping power values available from [8] . Under this approximation, a single electron at Q ββ produces an average of 700 Cherenkov photons between 155 nm and 800 nm, which we treat as the sensitive range of a photosensor chosen for the vacuum-UV xenon scintillation light.
The number of Cherenkov photons is nonlinear in energy, and so the yield for two electrons each with half of Q ββ is 582 photons in this approximation. When using the realistic distribution of energy split between the two electrons in 0νββ events [5] , the average yield is somewhat higher than the evenly-split decay case. Figure 3 shows the Cherenkov yield in LXe obtained from a GEANT4 [9] simulation. The mean yield from the simulation of photoelectric interactions agrees approximately (within 5%)
with the continuous-slowing-down approximation for a single electron, but there is significant variation as each simulated electron slows down differently. Cherenkov photons are emitted in a wide distribution of wavelengths weighted heavily towards shorter wavelengths where the index is higher. Unlike Cherenkov light, scintillation light in liquid xenon is produced primarily in a narrow peak at 175 nm [10] . The yield of scintillation photons for an electron at Q ββ is much higher that for Cherenkov photons, at an average of 89,500, as estimated based on [11] . As a result, Cherenkov emission near the scintillation wavelength is impossible to measure, as illustrated in 3-4 nanoseconds later than the Cherenkov light as seen in Figure 5 . This enables measurement of a portion of the Cherenkov light by looking only at those first few nanoseconds.
In the following, we assume that the LXe scintillation light is completely negligible at wavelengths above 200 nm as it would otherwise be difficult to distinguish Cherenkov light from scintillation with a time-of-flight cut or with any other method. Xenon is known to scintillate weakly in the infrared at > 800 nm [12] , but there is negligible Cherenkov emission in that range. Argon does have a "third continuum" in its emission spectrum that produces some light between the UV and IR [13] and no study has completely ruled out this mechanism in xenon. However, a study on xenon-doped argon [14] shows no scintillation between the UV and IR. Assuming the same holds true is much larger than the detector sizes simulated here.
Simulation and Analysis Methodology
A GEANT4 [9] The specific simplifications and favorable assumptions are highlighted in the remainder of this section.
GEANT4.10.3 was used for the simulation. The Livermore electromagnetic model [15] governed the behavior of electrons and gammas in the xenon. Cherenkov production was handled using the GEANT4 Cherenkov process with default parameters. Scintillation photons were produced using a modified version of the NEST tool, described in Section 3.3.
The baseline detector geometry was a sphere of xenon with 60 cm radius, with the entire surface of the sphere made of photodetectors assumed to be 30% efficient at detecting all light reaching this surface. This spherical arrangement was chosen to simplify the analysis of the simulation by taking advantage of the symmetries of the geometry. It also forms a best-case scenario, as it has complete photodetector coverage and the light is not absorbed or scattered by internal hardware between the xenon and the photosensors, such as electric field-shaping hardware.
This baseline design contains 2.7 tonnes of liquid xenon, and so is referred to as the ton-scale sphere design.
Several alternative geometries were simulated in addition to the baseline. A kiloton-scale sphere design was one alternative geometry, with a 428 cm radius and containing 1 kilotonne of liquid xenon. Two ton-scale cylinder designs were simulated, both with 60 cm radius and 120 cm height and containing 4.1 tonnes of xenon. These two designs differed in their photosensor coverage. The first had the entire surface, cylinder wall and bases, instrumented with photosensors, similar to the spherical designs. The second had only the wall instrumented, while the bases were uninstrumented but 80% reflective at all wavelengths.
Simulated Neutrinoless Double Beta Decays
0νββ events were simulated as the production of two electrons whose energies and directions were determined by the kinematics of the double beta decay process. In the GEANT4 simulation, these decays were produced by a custom generator code that drew the beta energies and directions from the appropriate distributions as described in section 1.
Neutrinoless double beta decays were simulated only at a single point at the center of the detector volume. This reduced the complexity of the analysis, avoiding the need to account for event position. Events at the center of the detector, where external gamma backgrounds are the lowest, also have the most impact on the limit-setting or discovery potential of a liquid xenon neutrinoless double beta decay experiment [6] . Thus, events at this location are the most interesting for tests of the ability to reject external gamma backgrounds.
The events in this study have an inherent symmetry due to being located at the detector center. This symmetry is used to reduce the number of simulated events needed in the training set by rotating the coordinate system as described below in Section 3.4. Studies at points without this symmetry will require a larger population of simulated events but will not otherwise be hampered by the lack of symmetry. Simulated 0νββ events were also required to pass a single-interaction-site cut. The typical 0νββ event produces a single continuous energy deposition. Some 0νββ events, however, produce bremsstrahlung gammas that take energy further from the main event location. When this occurs, the event resembles a gamma background with separate Compton and photoelectric interactions. Following the method in [6] , we reject from the analysis 0νββ events with energy depositions more than 3 mm separated from the main energy cluster at the center of the detector.
Simulated backgrounds
We simulated gamma rays of energy Q ββ biased to interact in the center of the detector, as in the signal case.
We furthermore required the backgrounds to pass a singleinteraction-site cut. We examined two different versions of this cut, one perfectly efficient at identifying single interaction sites and another based on the cut described in [6] which includes inefficiency from imperfect position resolution.
The perfectly efficienct single-site cut requires that all simulated background gammas immediately undergo photoelectric effect at the center of the detector. This is imple- 
Light Simulation
Optical photons were generated from two separate Geant4 processes. Scintillation was generated using a modified version of the Noble Element Scintillation Technique (NEST) tool for Geant4. These modifications increased the computing performance of NEST when working with MeVscale events. This version of NEST produces a yield of 36.4 photons/keV for a Q-value electron recoil in a 300 V/cm electric field.
The G4Cerenkov process controlled Cherenkov photon production. Geant4's implementation of the calculations behind Cherenkov production is particularly sensitive to the smoothness of the input curve relating index of refraction to photon wavelength, so we supplied a curve with 10,000 points between 155 nm and 800 nm, with the index calculated at each point using the model described in Even the 10% light sensing scenario is more favorable than currently existing detectors which lack the total light sensing coverage in the baseline simulated detector. Absorption and scattering within the liquid xenon is included in all simulations.
Event Analysis
First, the photons collected in the simulation were filtered through a time-of-arrival cut that separated scintillation photons from the Cherenkov photons. For each simulated geometry, the location of detection for each photon was divided by the time of arrival to get an implied speed of the photon. The cut threshold was tuned manually to find the value that maximized the Cherenkov discrimination ability. This cut was 0.427c for the ton-scale geometries and 0.379c for the kiloton-scale geometries, which required a different cut due to the change in photon transport caused by Rayleigh scattering over long distances.
41% of Cherenkov photons fail this cut in the ton-scale geometry, as either their wavelength is closer to the scintillation wavelength or they reflect or scatter on their way to detection, increasing path length to longer than the distance between the origin and the detection and reducing the implied speed below the cut. In the kiloton-scale geometry, that increases to 57%.
The simulation results were processed to produce, for each event, a map of the number of photons striking each location in the detector. Position information was binned into 24-by-12 "pixels" by polar coordinates, so that each event can be summarized by a vector of photon quantities of length equal to the number of pixels. The number of pixels was chosen by starting with a small number of pixels and increasing the number until the performance of the analysis plateaued. For consistency in the analysis, polar coordinates were used even when the simulated geometry was cylindrical. The simulated detectors are symmetric around one (cylinder) or two (sphere) axes, so two events with similar Cherenkov photon distributions apart from the rotation should be analyzed the same way. To that end, during the binning of the photon results the coordinate system was rotated event-by-event. For spherical geometries, the coordinate system pointed the primary axis along the dipole moment of the photon distribution and the secondary axis in an arbitrary direction. For cylindrical geometries, the primary axis always pointed along the axis of symmetry while the secondary axis lay in the same plane as the dipole moment of the photon distribution. The effect of these rotations was that the greatest concentration of photons in each event would consistently appear in the same bins, simplifying the last step of the analysis.
The signal-background discrimination analysis was performed by training a multi-layer perceptron (MLP) to classify events as either signal or background. The MLP technique was implemented using the Python package Scikitlearn [16] which based its approach on [17] and [18] . We chose a machine learning approach for this problem because it could flexibly learn the best way to apply directional information in the distribution of Cherenkov photons. MLPs are a well-tested choice of machine learning algorithm for analysis of images used in event classification [19] . Some otherwise-appropriate alternatives, such as support vector machines, proved impractical due to the speed at which their computational requirements scale with the large data set used here.
Six million events were provided to the MLP, of which 600,000 were reserved for testing, and the remainder were used as the training set. A range of hyperparameters were tried, as well as different non-MLP algorithms to conclude that the hyperparameters given in Table 1 Batch size 50 
Sensitivity Analysis
The goal of neutrinoless double beta decay experimental design is to maximize the sensitivity of the experiment to the half-life of neutrinoless double beta decay. We use a simplified model of experimental sensitivity to estimate the improvement in sensitivity that can be achieved from Cherenkov discrimination.
Although real experiments typically use a more sophisticated analysis to determine their sensitivity [6] , in this simplified model we assume that events are simply f is the fraction of backgrounds passing the Cherenkov discrimination cut, and s is the signal acceptance of that cut, the half-life sensitivity improvement I is:
The half-life sensitivity improvement depends on an assumption of b, the number of backgrounds before Cherenkov discrimination is applied. Each experiment has its own value of b that depends on the experimental design. large background rate to achieve a competitive number of backgrounds. We also examine a scenario in which b = 10, which represents the application of Cherenkov-based discrimination in an experiment that has already achieved low backgrounds and seeks to use this technique for further reduction.
Simulation Results
As mentioned above, the baseline scenario is a ton-scale spherical geometry using 24-by-12 pixels in the analysis, with backgrounds consisting of only photoelectric-effect interactions. In this baseline scenario, an average of 133 photons from each background event pass the Cherenkov cuts, compared to 109 photons from each signal event.
Applying the MLP analysis produces the Receiver Operating Characteristic (ROC) curve in figure 7. Each point on this ROC curve is a potential cut threshold on the MLP metric with the indicated consequence on background rejection vs signal acceptance.
Using the methodology in Section 3.5, the ROC curve in Figure 7 can be translated into the sensitivity improvement curve in Figure 8 . The maximum of this curve is the best improvement in the sensitivity that can be achieved using a cut on the MLP metric. In this baseline case, the best sensitivity improvement is a factor of 1.43 improvement at a cut that removes 85% of backgrounds and keeps 61% of signals.
These promising results highly depend on the singlesited cut used to create the background set. The less effi- We simulated several other scenarios to explore how effective Cherenkov discrimination is under different assumptions. Table 2 summarizes the results of these other scenarios. It provides for each case short description and a number, which can be referenced to the more detailed description below. It then provides the results for each case:
the sensitivity improvement at the optimal cut value, the number of Cherenkov photons passing cuts in the background and 0νββ test sets, and the signal acceptance and background rejection that enables the reported sensitivity improvement.
Understanding the Limitations of Cherenkov Discrimination
The baseline scenario produces relatively modest improvements in sensitivity. To investigate why the improvements are not greater, we simulated deliberately unphysical scenarios in which Cherenkov-based discrimination may be more effective.
First, we evaluated the sensitivity of an idealized experiment that manages to perfectly reject all backgrounds with no loss of signal (Table 2 , Case 3). This result comes This demonstrates that electron scattering is the primary limiting factor in Cherenkov discrimination.
We ran a scenario to evaluate the impact of the time- 
Potential Losses of Cherenkov Discrimination Power
The model of baseline scenario did not include some factors that may be present in some real detectors that will further reduce Cherenkov discrimination power. This section describes additional scenarios that were studied to estimate the impact these additional factors might have.
Additional hardware, such as field shaping rings, may scatter Cherenkov light and reduce the available directional information. In the worst case, this would produce output in which the location where the Cherenkov light was collected carries no information. We modelled this worst case scenario using an analysis that replaced the 24-by-12 photon position binning with a single bin (Case 9).
This removes all directional information from the analysis, resulting in reduced discrimination ability and a sensitivity improvement of 1.34. This confirms that the directional information in the Cherenkov light is useful in distinguishing signal from background, but the number of photons alone is sufficient to perform some discrimination.
In the kiloton-scale geometry (Case 10), the increased distance between the center of the detector and light sen- These effects reduced the discrimination ability compared to the baseline case producing a sensitivity improvement of 1.35.
Combining the above two cases, a kiloton-scale detector was analyzed using only one photon position bin (Case 11). The result here was a sensitivity improvement of 1.30, worse than using the same one-bin analysis on a smaller detector (Case 9). This confirms that the Raleigh scattering's effect on the time-of-flight cut is significant and the larger detector's performance loss is not purely due to the Rayleigh scattering obscuring directional information.
To understand the effect of detector geometry a cylindrical geometry was evaluated. A spherical geometry was 
Conclusion
These results indicate the potential for Cherenkov-based discrimination in liquid xenon 0νββ detectors. A baseline case with optimistic assumptions allows for discrimination using time-of-flight-selected Cherenkov photons that preserves 61% of the neutrinoless double beta decays while removing 85% of photoelectric backgrounds. In a detector with 100 backgrounds in the experiment duration, this discrimination would improve sensitivity to the 0νββhalf-life by a factor of 1.43. This result is highly dependent on the cuts applied to background before Cherenkov analysis is performed, and so any inefficiency in the singleinteraction-site cut that removes Cherenkov-scattering backgrounds will strongly impact the potential for Cherenkov discrimination.
We have shown that intrinsic properties of Cherenkov production from 0νββ decay events limit the discrimination ability. The scattering of Cherenkov-emitting electrons in liquid xenon and the kinematics of the 0νββ decay are responsible for most of the difference between the achievable performance of Cherenkov-based discrimination and a perfect discrimination method. Detector features that reduce the light collected or increase photon scattering will also reduce the value of Cherenkov-based discrimination.
This result also depends on several simplifications used in the simulation and analysis. The most significant of these is that events were only simulated in the center of the detector. If the discrimination ability varies significantly outside the center of the detector the whole-detector sensitivity improvement result must be adjusted to reflect that.
The extension of this work to events outside the detector center requires additional complexity in the event generation and analysis tools used and will be the focus of future work.
These results differ from those in [21] , which identified a greater separation between signal and background events. We attribute the difference in results primarily to a difference in the Cherenkov yield of background events between [21] and this work. Reference [21] reports 20% fewer Cherenkov photons in 0νββ events than in background events, compared to a 15% difference in yield in this work.
